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muon anomalous magnetic moment

BNL g-2 till 2004 : ~ 3.7 o larger than SM prediction

Contribution Value x10'%  Uncertainty x10%°
QED (5 loops) 11 658 471.895 0.008
EW 15.4 0.1
HVP LO 692.3 4.2
HVP NLO -9.84 0.06
HVP NNLO 1.24 0.01
Hadronic light-by-light 10.5 2.6
Total SM prediction 11 659 181.5 4.9
BNL E821 result 11 659 209.1 6.3
FNAL E989/J-PARC E34 goal ~ 1.6

3 Ge\V.proton beam
(333 uA)

— FNAL E989 (began 2017-)

({%Mewc, ~108/s) resonant laser ionization of
mugmium for low emittance y*

O Smc kT G0 move storage ring from BNL
e -4 x4 more precise results, 0.14ppm

muon storage
(3T, r=33cm, 1 pp

pnium production
25 meV=2.3 keV/c)

i . J-PARC E34
(SO:RF%.HBOEL,RAV&V%& R ultra-cold muon beam
0.37 ppm then 0.1 ppm, also EDM | *




muon anomalous magnetic moment

BNL g-2 till 2004 : ~ 3.7 o larger than SM prediction

Contribution Value x10'%  Uncertainty x10%°
QED (5 loops) 11 658 471.895 0.008
EW 15.4 0.1
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Total SM prediction 11 659 181.5 4.9
BNL E821 result 11 659 209.1 6.3
FNAL E989/J-PARC E34 goal ~ 1.6

a, V' — M =27.4(2.7) (2.6) (0.1) (6.3) x10~

FNAL E989 (began 2017-)
move storage ring from BNL
x4 more precise results, 0.14ppm

J-PARC E34

muon reacceleration

oo roRgederaton, N ultra-cold muon beam

(thermal to 300 MeV/c)
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Hadronic Vacuum Polarization (HVP)
contribution to g-2

Quark & anti-quark contribution



: g-2 from R-ratio
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g-2 HVP from Lattice

[Bernecker Meyer 2011, Feng et al. 2013]

In Euclidean space-time, project verctor 2 pt to zero spacial momentum,
p=20:

u,d, s,

I’I (vg @ strong (

fQED(wZ)

g-2 HVP contribution is
wi(t) ~ t*

ay V=32 w(t)C(t)

X dw cos wt— 2
w(t) =2 [ & foep(w?) [22=1 4 £

e Subtraction II(0) is performed.

Noise/Signal ~ e(Er—mx)t " js improved [Lehner et al. 2015] .
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Euclidean time correlation from e"¢~ R(s) data

From ete™ R(s) ratio, using disparsive relation, zero-spacial momentum
projected Euclidean correlation function C(t) is obtained

. > R(s) Lattice can compute Integral of
2 2
H(Q ) — Q /0 dss(s 4 QQ) Inclusive cross sections accurately
CR—ratiO(t) _ 1 ~ d_wﬁ(wQ)eiwt _ 1 /OO ds \/ER(S)G_\/gt
1272 J, 2w 1272 J,

e ('(t) or w(t)C(t) are directly comparable to Lattice re-
sults with the proper limits (m, — mghys, a— 0,V — o0,

QED ...)

e Lattice: long distance has large statistical noise, (short
distance: discretization error, removed by a — 0 and/or

pQCD )

e R-ratio : short distance has larger error



Im(s)

{ pQCD OPE

k poles 1/s(s + Q2) F’

- o0 R(s
H(Q2) = Q’ fO dSs(sf—Q)—Q)
(1/a = 1.78 GeV,

. 2
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Nf=2+1 DWF QCD ensemble

at physical quark mass

7 | 2N
481D X!
6 | |
5 B b 3 /'“\_
. 321D (%!
4 N\
e *U w =~y o%
[ X1 321D fine (X
3 | 64| 48 | -7 24D *=7 -
2 I 1/a=2.36 GeV 1/a=1.73 GeV 1/a=1 GeV
1 lwasaki  + |
lwasaki + DSDR X
IYvasaki (IPIanneclJI) X | | | |
0
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

a2 / fm2

11



DWEF light HVP
[ 2016 Christoph Lehner ]
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EV compression (1/10 memory) using local coherence [ C. Lehner Lat2017 Poster ]
In addition, 50 sloppy / conf via multi-level AMA

more than x 1,000 speed up compared to simple CG 12



disconnected quark loop contribution

Qu+Qd+Qs =0

m Very challenging calculation due to statistical noise
m Small contribution, vanishes in SU(3) limit,
2

m Use low mode of quark propagator, treat it exactly
( all-to-all propagator with sparse random source )

m First non-zero signal o
HVP (LO) DISC —10
. a = —90.6(3.3 2.3 x 10
Sensitive to m_, p (3-3)stat(2-3)sys
crucial to compute at physical mass
5e-05 T T LI T 5m T T T T
B Low-mode contribution :-----: Lreop -
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HVP QED+ strong IB corrections

HVP is computed so far at Iso-symmetric quark mass, needs to compute
isospin breaking corrections : Qu, Qd, mu-md =0

u,d,s quark mass and lattice spacing are re-tuned using
{charge,neutral} x{pion,kaon} and ( Omega baryon masses )

For now, V, S, F, M are computed : assumes EM and IB of sea quark and
also shift to lattice spacing is small (correction to disconnected diagram)

Point-source method : stochastically sample pair of 2 EM vertices a la
important sampling with exact photon

& O

(a) V (c) T

5 o e -6
@,

& OO
(d) D1 (e) D2 Q

OO

O

&
=
z
=y

(c) O

O | & O
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Comparison of R-ratio and Lattice
[ F. Jegerlehner alphaQED 2016 ]

Covariance matrlx among energy bm in R ratlo is not avallable assumes 100%
correlated '

| a48 phys uds dat usmg 2 3 5 — ,
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Combine R-ratio and Lattice
[ Christoph Lehner et al PRL18]

m Use short and long distance from R-ratio using smearing function, and
mid-distance from lattice

450

O(t,p,0) =[1+tanh [(t — p)/0]] /2 350
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t1=1.2 fm, R-ratio: Lattice = 50:50

t1=1.2 fm current error (note 100% correlation in R-ratio) is minimum
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How does this translate to the time-like region?

Euclidean from Lattice T|me like from e+e-
450 ‘ ‘ ‘ - | U I E—
1E+05 | ) w, O(t,1. 5fmb15fm ]
200 I C(t) w, 0(t,1.5fm,0.15fm) | 5, C(lt) wt [1 *0(t,0.4fm,0. 15fm)]
C(t) wy [1-6(t,0.4fm,0.15fm)] 1E+04 |- E
350 |
1E+03 |- N
300 - 1E+02 | .
o 250 |
o 1E401 | i
% 200 | 1E+00 |- 8
150 | | 1E-01 |- N
-
100 |- 1E-02 |- 1
50 ? 1E-03 | h
o |/ Ll
0 05 1 15 2 25 3 35 4 45 01 1 10 100
t/fm sqrt(s) / GeV

Blue : low-pass window
Green: high-pass window
Purple : total

Most of mm peak is captured by window from ty; = 0.4 fm to t; = 1.5 fm,
so replacing this region with lattice data reduces the dependence on
BaBar versus KLOE data sets. o

0.06

T
New Fit
BaBar (09) mmmmm
New Fit (local % inf)
KLOE (08) —=—
KLOE (10) ——

0.04

0.02

-0.02
-0.04
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Continuum limit of aW

Continuum limit of aXV from our lattice data; below tg = 0.4 fm
and A =0.15 fm

300 \ T T T \
ty=0.4,t, = 0.9, Light
280 tp=0.4,t; =1.0, Light ——<—
260 |- f RBC/UKQCD [C. Lehner Lat17 ]
240 |- .
= 220 | i : L
S . . Continuum extrapolation is mild
x 200 X |
180 |- .
=+
160 [ * " .
140 |- . c.f BMWc [K. Miura Latl7]
120 | | | | | | | |
0 0002 0.004 0.006 0.008 0.01 0012 0014
a® / fm? dﬁ%f
fit1 -
o s

550 ]

500

0 0.005 0.01 0.015 0.02
a2 fm?
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Reconstruction of HVP
from multi-channel Greens function

Using N operators O_n, n=0,1,..., N-1

Point vector Op = b(x)vut(x), p € {1,2,3}

2 M operator 0, — ‘nyz DO (x — 2)e P Frgf(z — y)ily)
4 1 operator

2

< 0_i(t) O_j(0) > (using distillation)

Solve NxN spectrum E_n of eigenstates |E_n> and Overwrap factors
<E_n|0_0]0> (GEVP)

Reconstruct V-V correlator (or bound)

(1) = 3, 140 O |n) [PeEr

20



GEVP & Reconstruct I=1 VV

1.2
L 2
1.1
. )i 80
= . - % 1-state reconstruction
1.01 * ;\i\i 701 ¢  2-state reconstruction
* . 1 3-state reconstruction
4 =* —
0.9 —_— I 60 1 local vector current
Iy
0.81 ¢ 50-
. . §§§
* ¢ ’\H‘ * ® e
T g fP = 3 (1)
= i
061 ¥ B = - — = o - » i
¢ B *
051 1 E2 201 §§
E it PRELIMINARY
o t B PRELIMINARY TIE
' 0 2 4 6 8 10 B 'c%ii EIIIIIII II
t P : : :
03 5 10 15 20 25 30
t

C(t) V = C(t + 6t) VA(SL),

Vim o< (Q2| O; |m)

Ct(e) = 32, 1 (] O |n) [2e=
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Bounds for a,

m Upper & lower bounds from unitarity

C(t) t < tmax

C(tmax)e_E(t_tmax) t > tmax

E(t, tmax, E) = {

Upper bound: E = Ep, lowest state in spectrum

C(tmax) ]

Lower bound: E = log[ ¢, )

m Also bounds for the nin [N+1, =] states contribution

NN L2 —Ept

Replace C(t) — C(t) Zn |cn|ce™=n

— Long distance convergence now oc e En+1t

— Smaller overall contribution from neglected states

22



test of GEVP+Bounding method
| A. Meyer |
Improved Bounding Method

700
PRELIMINARY
6501 I
6001
S '
z§550- Izgiliiiiiiiiiiiiiii
RINT +
500 $
450 { ¥ upper bound
¢ lower bound
400 +— . . . |
0 5 10 15 20

tmax

HVP = 577(31) x 1010
VP = 564.0(9.1) x 10710
VP = 561.5(4.5) x 10710
VP = 559.5(3.8) x 1010

No bounding method: a
Bounding method tmax = 2.3 fm, no improvement: a
Bounding method tyax = 1.7 fm, 1 state improvement: a
Bounding method tyax = 1.6 fm, 2 state improvement: a
Very large lattice spacing: a—! = 1.015 GeV, finite volume effects
Could expect 10 — 20% systematic errors on HVP



Finite Volume correction estimates

m scalar QeED

m 24cube vs 32cube

m Using pion form factor (Gounaris-Sakurai parametrization) &
Luscher’s FV formula

12.2 x 10719 sQED
al/""(L =6.22 fm) — /" (L = 4.66 fm) = ¢ 21.6(6.3) x 1071 LQCD
20(3) x 1010 GSL

4 T T

Gounaris-
B2ID lattice
P4ID lattice

akdrai PhaseJShiﬂ ‘Parar’netrizlation‘ ‘
ata (6/2fm box at phys. pion mass) > |
ata (4/7fm box at phys. pion mass)

aa®
NG

0 I M’. \\\\\\\
02 03 04 05 06 07 08 09 1 11 12 13
sqrt(s) / GeV

m Revised FV estimation :

9
N

aZ’VP(L = o0) — aZ’VP(L = 5.47 fm) = 22(1) x 10~10
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HVP results

[ Christoph Lehner et al PRL18]

ETMC 2013 + — .
HPQCD 2016 —H— .
Mainz 2017 + — ]
BMW 2017 — n
NI?B.C/Lélg?SC(D 2?18) - + i _( Pure Lattice (RBC/UKQCD
ainz prelim 4+/ %
ETMC 2018 ) { | 7154 (16.3)(9.2) [2.6%]
RBC/UKQCD 2018 n
HLMNT 2011 FEH\N Lat+R-ratio Hybrid
DHMZ 2012 HEH 1 692.5(1.4)(2.3) [0.39%]
DHMZ 2017 HEH n
Jegerlehner 2017 O
KNT 2018 = 29N3T138(2 5) [0.36%]
No new physics —— — R B
| | | | | | —
610 630 650 670 690 710 730 750 No New Physics
a, X 1010

m Significant improvements is in progress for statistical error using 2m and
4m (!) states in addition to EM current (GEVP, GS-parametrization)

m Checking finite volume and discretization error as well as Isospin V effects
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Example error budget from RBC/UKQCD 2018 (Fred’s alphaQED17
results used for window result)

Window t=[0.4, 1 fm] Pure Lattice

a, T conm 1SosPin 902 9(1.4)5(0.2) ¢ (0.1)v (0.2) A (0.2) 2 649.7(14.2)5(2.8)c(3.7)v(1.5) A (0.4)2(0.1)g4s (0.1) 264
@, o™ isosein - 97.0(0.2)5(0.0)c(0.1)A(0.0)z 53.2(0.4)5(0.0)c(0.3)4(0.0)z

& conm, isospin 3.0(0.0)s(0.1)¢(0.0)z(0.0)m 14.3(0.0)5(0.7)c(0.1)2(0.0)m
@ s, dise, dsospin 7 9(0.1)5(0.0)c(0.0)v(0.0)4(0.0)z —11.2(3.3)s(0.4)v(2.3)1,
a,JFD conn 0.2(0.2)5(0.0)(0.0)v(0.0)4 (0.0)z(0.0)r 5.9(5.7)s(0.3)c(1.2)v(0.0)4(0.0)z(1.1)g
a, JFD, disc —0.2(0.1)5(0.0)c(0.0)v(0.0)(0.0)2(0.0)g —6.9(2.1)5(0.4)c(1.4)v(0.0)A(0.0)z(1.3)
a,'® 0.1(0.2)s(0.0)(0.2)v(0.0) 4 (0.0)z(0.0)gas 10.6(4.3)s(0.6)c(6.6)v(0.1)A(0.0)z(1.3) 48
a, 2456 isospin 231.9(1.4)s(0.2)c(0.1)v(0.3)4(0.2)2(0.0)um 705.9(14.6)5(2.9)c(3.7)v(1.8) 4 (0.4)2(2.3)1.(0.1) 45

(0-1)E64(0-0)M

a, 3P 8B 0.1(0.3)s(0.0)c(0.2)v(0.0) 4 (0.0)2(0.0)£(0.0)gs 9.5(7.4)5(0.7)c(6.9)v(0.1) 4 (0.0)z(1.7)&(1.3) pas
a,fravio [460.4(0. ") rs1 (2. 1)RsY |
a, 692.5(1.4)5(0.2)c(0-2)v (0.3)4(0.2)2(0.0)£(0.0) gas 715.4(16.3)5(3.0)c(7.8)v(1.9)a (0.4)z(1.7)&(2.3)1,

TABLE I. Individual and summed contributions to a,, multiplied by 10'°. The left column lists results for the window method
with to = 0.4 fm and ¢; = 1 fm. The right column shows results for the pure first-principles lattice calculation. The respective
uncertainties are defined in the main text.

For the pure lattice number the dominant errors are (S) statistics, (V)
finite-volume errors, and (C) the continuum limit extrapolation
uncertainty.

For the window method there are additional R-ratio systematic (RSY)
and R-ratio statistical (RST) errors.
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v,(9)

[ M. Bruno’s slide |

Tau input for g-2 HVP

3 | e ALEPH
C — Perturbative QCD (massless)
25 - - Parton model prediction
B 3 and
2 r 737,317,61(MC)
r wr(MC) N’ (MC),KK*(MC)
5 - AKK(MC)
C -
1 B
05 R PP e L LR,
O—III|IIII|IIIII lllllllllllll
0 0.5 1 1.5 2 2.5 3 35
s (GeV?)
Tt
— 0
Tt

EM current

Final states I = 0, 1 neutral

V — A current

Final states I = 1 charged

T data can improve a,, ||
— 72% of total Hadronic LO

or CLZe # a” — NP [Cirigliano et al '18]

c@
\

NS
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amu & isospin components

nv

Isospin decomposition of u,d current

- i (- 7 i 7 (0 .
1 = t(ayu+ dyed) + (ayu — dyd) = 550 + G

a
Go = GO @i = { 3+ ) f o
Y, GO @) (0) = oy

Gy

6l e @iy = {3+

Decompose a,, = a,(f)’o) — a,(f)’l) — a,(}’l) (iw
7/

28



difference b/w tau decay and "
e+e-

et . ,d
Y Y
atn, - [[=1]
e~ u, d

i [ — - AI:1 .1,—
E(U’Yuu_d'yud)7[[3:0] = =

Isospin 1 charged correlator G}' = 3 Z/

Aay[rm, 7] = 40 Zwt (G5, (t) + GT, (1) — G ()]

sGD =G7, - GY

A S+ O

= A €5 Ty e
Q2 QA
+Z2% 4 (m,, — @
: a2 | CE?W

\
NV rd

. = subleading diagrams currently not included

14/21 g



[ M. Bruno’s slide ]

Aa, (Preliminary)

Aa, from 7, (QED and SIB): Pure I = | only O{a) terms:

M=+ + O=-+ '  rrelevant, negative, neglected L)

Tau spectral function (vector, Strange=0) is very
welcome |



Aaylrm, 7] =402 we x [GY (1) + GT (1) = GIL(1)]

Preliminary lattice (full) calculation: GJ; + 0G

Prelim. lattice

Not included:

1. @ Q relevant

3. finite-volume errors

4. discretization errors

2. sub-leading 1/N,, 1/Ny

_9 , , : : .
1 2 3 4 d Cw
t [fm] \

NS
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CKM V. from
Inclusive tau decay

Yet another by-product of muon g-2 HVP

Phys.Rev.Lett. 121 (2018) 202003
[ Hiroshi Ohki et al.]

o K, PDG 2016
0.2237 = 0.0010

o K., PDG 2016
3.10 0.2254 + 0.0007

- eH CKM unitarity, PDG 2016

0.2258 + 0.0009

——— t — s incl., HFLAV Spring 2017
0.2186 = 0.0021
—e— © — Kv /t — nv, HFLAV Spring 2017
0.2236 = 0.0018
—e— t average, HFLAV Spring 2017

0.2216 + 0.0015

'] '] I '] '] '] '] 1 ']
0.22 0.225
|VUS| Spring 2017




Tau decay
hadrons _
5 = Im { .

V-A current

2
e Experiment side :7 —» v + lmc(fI £ rr%”dcéhav“x% Ifé'f(atlﬁwuélcgtrlﬁgctlon E)W

I'(t— — hadrons;; v;)
RZ‘J‘ =

I'(r— — e Dev,)

2
127|Vi;|°S mr
_ L2nlVy| Sew (1 _ i) Kl n 2%) ImIt® (s) + |mH<0)(s)]
0 m?2

2
mZ

\ J/

= Im1II(s)

e Lattice side : The Spin=0 and 1, vacuum polarization, Vector(V) or Axial (A) current-
current two point

e, (a ):i/d4xeiq$ (OIT 8 4 ()1 4 (0)]0) b

v 2 v 0
= (¢"¢" — °g"), 1 (@°) + ¢TI,
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Finite Energy Sum Rule (FESR)
[Shifman, Vainstein, Zakharov 1979]

FESR = Optical theorem (Unitarity) + Dispersion relation (Analyticity)

/1 (s) for given

Optical theorem relate S=-1 spectral function p ;;(s) and HVP Ty 44j

quantum number: flavor (us or ud), spin (0 or 1), parlty (VorA)

~ImTI(s) = p(s)

Do finite radius contour integral for arbitrary regular weight function w(s)

/80 dsp(s)w(s) = —|—% dsIl(s)w(s)
Sth

|s|=sq

Real axis integral is extracted from experimental decay Im(s) pQCD

energy distribution dR, /ds t /

T experiment

dRijv/a _ 127°|Vy|*Sew

— wr(5)p(s) C

ds m?2 RE(S)

T




'V.s| determination from FESR
[ E. Gamiz, et al., 2003, 2005, Maltman et al 2006 ]

Inclusive differencial = decay rate with wieght w(s)

0 dR;;
R = [ anu e/
Sth

ds w,(s/m?2)

Take difference between up-down and up-strange channel

w w
Rud . Rus

A= Va2~ Vaol? sl pach

V..a| and m as input, selecting sp = m?, w = w,(s/s / : \
|Vl p g 50 = m; (8/50) j Re(s)
Ris(so) \
|VU3| — RY (S )
U — [ARS ()™

FE .
T experiment

For s > sq, fixed-order or contour-improved pQCD is used. OPE condensations at
dim=4,6 ... are input/assumed. (a source of unaccounted uncertainties)
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00— K PDG 2016
0.2237 + 0.0010

e K., PDG 2016
310 0.2254 = 0.0007

A CKM unitarity, PDG 2016

0.2258 + 0.0009

I P I t — sincl., HFLAV Spring 2017
0.2186 = 0.0021

: PS ] t — Kv /t — nv, HFLAV Spring 2017
0.2236 + 0.0018

—e— t average, HFLAV Spring 2017
0.2216 = 0.0015

1 1 1 1 I 1 1 1 1
0.22 0.225
IVUSI Spring 2017

T result v.s. non-t result : more than 3 ¢ deviation : [Vus| puzzle

new physics effect?

incl. analysis uses Finite energy sum rule (FESR)

pPQCD and higher order OPE for FESR:

underestimation of truncation error and/or non-perturbative effects ?
(c.f. alternative FESR approach, R. Hudspith et. al arXiv:1702.01767 )



Our new method : Combining FESR and Lattice

e If we have areliable estimate for I1(s) in Euclidean (space-like) points, s = —Qi < 0,
we could extend the FESR with weight function w(s) to have poles there,

Np

/oo w(s)ImII(s) = 7 » Res; [w(s)(s)],—_g2
Sth k

T(s) = (1 + 2%) IMII™V (s) 4+ IMI Y (s) < s (|s| = o0)

Np
1
e For N, > 3, the |s| — oo circle integral vanishes. w(s) =
Im(s
pQCD OPE J spectral data Im(s) pQCD

v
Re(s) @ gsth 5, Re(s)

Lattice HVPs T experiment
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Lattice Inclusive |Vu.s|determinations

| | | | |
0.235 (N =4, A=0.067 GeVQ) oo Dltgd, lattice £ |
i o Tus V+A,N=3 |

= Tus V+A, N=4

0.23 ¢ Tus V+A,N=5 |-
Z 0225_ ................................. @ ................... ﬂ ..... ﬁ ..... H
e HM ..... frrn i f
) | | Lt | _

O°215() 0.2 0.4 0.6 0.8 |

C [GeV']

Theory and experimental errors are included.
The result is stable against changes of C and N.

N =4,C = 0.7[GeV7] : [Vys| = 0.2228(15)cap(13)s,  (0.87% total error)
20



Comparison to |Vus| from others

—— K, PDG 2016
—o— TK,,]
—o— 3-family unitarity, HT14 [V _ |
° = Tt FB FESR, HFAG17
(conventional implementation)
' . ! Tt FB FESR, HLMZ17
(new implementation, lower : HFAG16 input)
— v, lattice [N=3, C=0.3 GeV"]
: — Kuv,| : (filled
this work — v, lattice [N=4, C=0.7 GeV"] Vil = K] (filled square)
(preliminary) = Vi [K 2] © (empty square)
. — v, lattice [N=5, C=0.9 GeV"]

0.215 0.22 0.225 0.23 0.235 0.24
V|

us

Tau spectral function (vector/axial, Strange=-1) is very

welcome ! .



Hadronic Light-by-Light (HLbL)
contributions




Coordinate space Point photon method

PRD93, 014503 (2016)

m Treat all 3 photon propagators exactly (3 analytical photons) , which makes the
quark loop and the lepton line connected :
disconnected problem in Lattice QED+QCD -> connected problem with analytic
photon

m QED 2-loop in coordinate space. Stochastically sample, two of quark-photon
vertex location x,y, z and X,, is summed over space-time exactly

0.05 T T 5 T T T T T
O

Xop 0.045 000°° 00 32ID ¢

0.04 | ¢

0.035 - ©

003 °
0.025 | ¢
0.02 |

X Y 0.015 |-©
0.01 |

0.005 R
©
0

I I I I I I I &
0 5 10 15 20 25 30 35 40 45
ceil(r)

m Short separations, Min[ |x-z|,|y-z|,|x-y| ] < R~ 0(0.5) fm, which has a large
contribution due to confinement, are summed for all pairs

m longer separations, Min[ |x-z|,|y-z|,|x-y| ] >= R, are done stochastically with
a probability shown above ( Adaptive Monte Carlo sampling )
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a=0.11 fm, 243x64 (2.7 fm)3,

Fy(q*)/(e/m)?

Dramatic Improvement T
Luchang Jin

¢ = 21/ L Nprop = 81000 —o—

m, = 329 MeV, mu:"' 190 MeV, e=1 ¢ =0 Nprop = 26568 S ey o oy Tk
0.12 : P —
tsep
0.1 € > _
0.08 + 22 fm @ @ _
0.06 } _
0.04 } _
0.02 } _
O L o o L o L o o o o o o e e e e e e e e e e e e e e e e e e e e m e e e oo o | _____ —
002 % more than x100 reduced cost !
_0.04 | | | | | | |
0 5 10 15 20 25 30 35
tsep
Method Fy/(a/7)*  Neont Nprop v/ Var

Conserved (0.0825(32)) 12 (118 +128) x2x 7 0.65
Mom. 0.0804(15)) 18 (118 +128) x2x3 0.24 -




SU(3) hierarchies for d-HLbL

s At m&=my limit, following type of disconnected HLbL
diagrams survive Q,+ Q4+ Q. =0

m Physical point run using similar techniques to c-HLbL.

(ms'mud)0

m other diagrams suppressed by
O(ms-myq) /3 and  O( (Mg-Myg)® )

(my-mq)/3
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140 MeV Pion, connected and disconnected

F(0)/(a/m)?

LbL results

left: connected, right : leading disconnected

1.4 fm

ko3

ﬁmmﬁ

0.03 | 0.004
0.025 - & 481 F—e—1 0.003 -
: . 0.002
002 & 7 & 0.001
0.015 - i 1 3 000(1)%

1 ~— “J.

0.01 * §§ 5 71 S -0.002 |
0.005 - 23! 1 & -0.003 F
0 3 @T% 33 550 -0.004
: AR S R S -0.005 |

-0.005 | | = | -0.006
0 5 10 15 20 0

5

Using AMA with 2,000 zMobius low modes, AMA

( statistical error only )

10 15

7]

r=|xy|

Iu —2 = (0.0926+0.0077) x (£ )" = (11.60 +0.96) x 1017
2 |eHLbL g
I~ 2 = (~0.049840.0064) x (=)= (~6.25+0.80) x 10710
dHLDbL
— 3
Iu —2 = (0.0427+0.0108) x (2 )" = (5.35£1.35) x 1010
2 |aLbL g
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Continuum / infinite volume extrapolation

m Discretization error

481 con F—o—i
641 con H——+—

481 discon H—o—
641 discon +—+—

481-641 discon

g

.‘ -
st LAY pro——
LLLﬁjﬁ%ﬂ‘H ]r-—%%

R

=

Hepd L) LD

481-641 con
25 T T T T
20 - -
2 15 h s I 2
— }: =TI —
: SrriipeildiiRELY|
connected s i 108
ﬁzﬁ
O % ]
0 - 1 1 1 1
0 0.5 1 1.5 2 2.5
r (fm)

m Finite volume

25 3 35 4 45

1/a=2.7, 1.4 GeV at physical quark mass

disconnected

L=4.8,6.4,9.6 fm at 1/a=1 GeV at physical mass

30 ' ' AST-6AT —o—i 0
25 32D +—e—i
- 20 32Dfine +—eo— -
E E
« 15 X
R 3
3 I
10
_15
5 . -]
0 ' : —20
0 0.05 0.1 0.15 0.2
1 (m )2

Connected diagrams

0.05

0.

1 0.15 0.2

1/(muL)2

Disconnected diagrams

481-641 H—e—i
24D +—t—
32D +—e—i

32Dfine +——#—
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HLDbL

( connected + leading disconnected)
m The connected + leading disconnected contribution

m continuum, infinite volume limit

Fy(a,L) = F (1 — (mi—lLy) (1—coa?)

m preliminary results [ Luchang Jin, Schwinger Fest 2018-12-04 |

cHLbL
@y,

dHLbL
Ay,

= (26.12 4 3.87gtat £ 0.285y5.42) X 10710
= (—12.87 £ 2.275pat + 1.634y5 42) x 10710

altPl = (13.24 + 4,404t 3 1.914y 42) x 10710

F. Jegerlehner , x 10%!

Contribution BPP HKS KN MV PdRV N/JN
. n,n 85+13 82.7+6.4 83+12 114+10 114+13 99+16
n, K loops —19+13 —4.5+8.1 — 0+10 —-19+19 —19+13
axial vectors 2.5+1.0 1.7+1.7 — 22+ 5 15+£10 22+ 5
scalars —6.8+2.0 — — — —T7+77 —7+2
quark loops 21+3 9.7+11.1 — — 2.3 21+3
total 83+32 89.6+15.4 80+40 136+25 105+26 116+39




Summary & Perspectives

m HVP
® New methods using low mode for connected at physical quark mass,
® disconnected quark loop at physical quark mass, QED and IB studies are included
® Combining with R-ratio experiment data for cross-check and improvement => 0.4 % error
([

Eventually the window will be enlarged for a pure LQCD prediction (currently 2.6 % error)
® Significant improvements is in progress for statistical error using 2m and 4m (!) states in addition

to EM current (GEVP, GS-parametrization)
® Checking finite volume and discretization error as well as Isospin V effects

m Tinput for g-2 HVP

We could compute Inclusive hadron cross sections at Euclidean q”2
from the first principle Lattice QCD with Isospin breaking effects

m T inclusive analysis and Vus e
|Vus| from tau inclusive could be T spectral functions
competitive to Kaon determination will be very valuable

m HLbL

® computing connected and leading disconnected diagrams, take continue & infinite
volume limits

® preliminary result not very different from the model results (Glasgow consensus)
® pi0 pole contribution & higher order disconnected diagrams are in progress
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KNT18 a>" update

DHMZ10

JS11

HLMNT11

FJ17

DHMZ17

KNT18

SNL 3.76

BNL (x4 accuracy) 7.00

160 170 180 190 200 210 220
(a,>" x 10'%)-11659000

Alex Keshavarzi (Uol) 4V from KNT18




The BABAR/KLOE discrepancy for ntmy(y)

NU-CLEOc

KLOE-KT

BESIII

BABAR

SND

CMD-2

a,%(0.6-0.9 GeV) (107°)

M. Davier ISR BABAR g-2

Cross check,

390

BABAR and KLOE measurements most precise to date, but
in poor agreement

Others are in between, but not precise enough to decide
No progress achieved in understanding the reason(s) of the
discrepancy

consequence: accuracy of combined results degraded

imperative to improve accuracy of prediction (forthcoming
g-2 results at FNAL, J-PARC)

Other efforts at VEPP-2000 underway

Design a new independent BABAR analysis

g-2 HVP Workshop, KEK 13/02/2018 25

combine, and improve by LQCD data
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[Luchang Jin’s analogy]

Precession of Mercury and GR

discrepancy recognized since 1859

Amount (arc- Cause
sec/century)
5025.6 Coorfiin‘ate (due to precession of equinoxes) - Known physics
531.4 Gravitational tugs of the other planets
0.0254 Oblateness of the sun (quadrupole moment) ]
42.98+0.04 | General relativity « 1915 by-then New physics
5600.0 Total GR revolution
5599.7 Observed

http://worldnpa.org/abstracts/abstracts_6066.pdf

precession of perihelion




Anomalous magnetic moment
S

o

Fermion’s energy in the external magnetic field:
— —~ & —
Viz)=—w-B  Gi=g—>=S
(z) i He = Gig o
Magnetic moment Lande g-factor tree level value 2

1928 P.A.M. Dirac “Quantum Theory of Electron”
Dirac equation (relativity, minimal gauge interaction)

10 — teAy(z) |y h(x) = map(x)

Non-relativistic and weak constant magnetic field
limits of the Dira2c equation :
_ind¥ _ - (L+28) By

2m  2m

g = 2 (for Dirac Fermionl=e, 1, T, ....)
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SM Theory

| oFY

o 40 = (A + G )

m QED, hadronic, EW contributions

X |Schwinger term = = = 0.0011614. .. QED (5-loop)

2T

§ Aoyama et al.
. S é + m + PRL109,111808 (2012)

/”’—__--~~~\\
§ § ,/ Hadronic vacuum \\
olarization (HVP) 1
+ —> >— + —> J§>— + "\ P ( ) ”
N y

\\N ’¢,

Hadronic light-by-ligh
(HIbl)

+

Electroweak (EW)

+
Knecht et al 02
+ + W + ... Czarnecki et al. 02
y v 52
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